Objective To investigate the effects of transcranial direct current stimulation (tDCS) applied over the prefrontal cortex on the improvement of verbal, visuospatial working memory and naming in healthy adults. Method Thirty two healthy adults (15 males and 17 females, mean age 37.3±13.0 years) were enrolled in this study. The subjects were divided into four groups randomly. They underwent sham or anodal tDCS over the left or right prefrontal cortex, for 20 minutes at a direct current of 1 mA. Before and immediately after tDCS, the subjects performed the Korean version of the mini-mental state exam (K-MMSE) and stroop test (color/word/interference) for the screening of cognitive function. For working memory and language evaluation, the digit span test (forward/ backward), the visuospatial attention test in computer assisted cognitive program (CogPack ® ) and the KoreanBoston Naming Test (K-BNT) were assessed before tDCS, immediately after tDCS, and 2 weeks after tDCS. Results The stroop test (word/interference), backward digit span test and K-BNT were improved in the left prefrontal tDCS group compared with that of the sham group (p<0.05). The stroop test (interference) and visuospatial attention test were in the right prefrontal tDCS group compared with that of the sham group (p<0.05). Their improvement lasted for 2 weeks after stimulation. Conclusion tDCS can induce verbal working memory improvement and naming facilitation by stimulating the left prefrontal cortex. It can also improve the visuospatial working memory by stimulating the right prefrontal cortex. Further studies which are lesion and symptom specific tDCS treatment for rehabilitation of stroke can be carried out.
INTRODUCTION
For a long time studies have incorporated the use of electrical currents with the purpose of medical treatment. The electrical stimulation over the brain began after 'Deep Brain Stimulation (DBS)' was developed. It is highly effective in the treatment of an increasing array of neurological and psychiatric disorders. Already considered as a standard and accepted treatment for Par-www.e-arm.org kinson's disease, 1 depression, 2 and minimally conscious states. 3 Afterwards, transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) were developed. These forms of stimulation are receiving much attention as an important field of research in neurorehabilitation. In the medical profession, these two non-invasive brain stimulations; TMS and tDCS have already been used actively for the study of experimental and therapeutic aims. Especially, tDCS has demonstrated beneficial effects on a wide range of diseases, for example, neurological conditions such as stroke and refractory epilepsy, 4, 5 psychiatric indications such as chronic depression and drug cravings, 6, 7 and pain conditions such as fibromyalgia. 8 Besides the above studies of patients, many studies of normal healthy people who had no neurological abnormality were also carried out. 9, 10 Cohen et al.'s study 9 was conducted based on the theory; the right parietal lobe has been suggested to be important for the development of intact numerical understanding during infancy and early childhood. 11, 12 Cohen et al. 9 trained subjects for 6 days with artificial numerical symbols, during which they applied a concurrent weak current (1 mA) to the subjects' left and right parietal lobes for 20 minutes. They found that during numerical learning, anodal stimulation to the right parietal lobe group caused better and more consistent performance in both the numerical stroop task and the number-to-space numerical task. The improvement was still present 6 months after the training. Many of the studies focusing on cognitive function were conducted by prefrontal cortex stimulation. 13 This is because the prefrontal cortex is widely known to be responsible for working memory, and besides, the prefrontal cortex incorporates a broader network of interconnected brain areas involved in working memory. These include the parietal and temporal association areas of the cerebral cortex, cingulate and limbic areas, and subcortical structures such as the mediodorsal thalamus and the basal ganglia. 14, 15 Especially, it is considered that visuospatial working memory is associated with the right cerebrum, and working memory associated with language is more related to the left cerebrum. 16 Other language functions as well as verbal working memory are known to have a relationship with the prefrontal cortex. According to Perani et al., 17 when right handed male participants performed lexical decision tasks, their PET results indicated that the dorsolateral frontal cortex of the left hemisphere was activated only when verbs are processed. Generally, the speech center of the brain is located in the left hemisphere, 18 and the left prefrontal cortex is deeply involved in verbal working memory. 19, 20 Because of that, in the studies published so far, which concern the relationship between tDCS and cognition or language, the researchers made a target of tDCS for the left prefrontal cortex or left language cortex in most cases. 4, 13, 21 However, as the right prefrontal cortex would take on an important role for visuospatial working memory, 19, 20 tDCS on the right cerebrum can be worthwhile to study. Therefore, in this study, when performing tDCS in the left and right prefrontal cortex, respectively, we intend to identify changes in the working memory and naming function and the differences in such change compared with sham stimulation experiments. Through the above analysis, the ultimate aim of this study is that the effect that tDCS has on the working memory and naming function of normal healthy subjects, is identified and tDCS is clinically applied to patients who have cognitive and language dysfunction induced by stroke, on the basis of this effect.
MATERIALS AND METHODS

Subjects
Subjects consisted of 32 healthy adults (12 males, 20 females) aged 20-59 years (mean 37.3±13.0 years). The subjects were included if they received 30 points for the Korean Mini-Mental State Examination (K-MMSE). All subjects were right-handed Korean language natives and their educational levels were equal to or higher than those of high school graduates. The subjects with any history of implanted metal objects, seizures or any other neurological disease were excluded (Table 1) .
All 32 subjects were randomly divided into 4 groups, left anodal, left sham stimulation, right anodal and right sham stimulation. They were not informed as to which group they belonged to. The local ethics committee approved the study and all subjects gave written informed consent including information of side effects and risks that they might experience during the study.
This study was conducted with the approval of the relevant institutional review boards and the consent of the patients.
Methods
Transcranial direct current stimulation (tDCS): A direct current was transferred by a saline-soaked pair of surface sponge electrodes (35 cm 2 ) and delivered by a specially developed, battery-driven, constant-current stimulator, Phoresor II Auto Model PM850 (IOMED, Salt Lake City, USA). The anodal electrode was placed on the left dorsolateral prefrontal cortex (DLPFC) in the left anodal and left sham stimulation groups. In the right anodal and right sham stimulation groups, anodal electrodes were applied to the right DLPFC. According to 10-20 electroencephalography systems, the left and right DLP-FC areas were defined as F3 and F4, respectively. 22 The cathodal electrode was placed over the contralateral supraorbital area in all four groups. The direct current was initially increased over several seconds (0-10 seconds) until reaching 1 mA, which was an intensity proven to be safe in Iyer's study. 23 In the sham stimulation groups, the electrodes were placed in the same position as the DLP-FC stimulations; however, the intensity of the current was gradually decreased after 10 seconds, then being turned off after 20 seconds as previously described. 4 Both the real and sham stimulations were maintained for a total of 20 minutes. Screening test: To monitor the side effects of tDCS and to compare cognition, the subjects took the K-MMSE and stroop tests before and immediately after tDCS. In addition, the stroop test was carried out not only immediately after tDCS, but also 2 weeks after tDCS. A stroop test consists of a 'Word' page with color names printed in black ink, a 'Color' page with Xs printed in colors, and a 'WordColor' page with words from the first page printed in colors from the second ('Interference' task). 24 For all pages, four colors and/or color words are used (red, yellow, blue and green). The words and the colors are arranged in a 4×5 grid in evenly spaced rows and columns. 25 The subject should name the color of ink in the 'Color' and 'Interference' pages, and read the word in the 'Word' page as quickly as possible. The reaction time was measured in seconds. Outcome measurements: We evaluated the verbal, visuospatial working memory and naming function tests by a forward/backward digit span test, a visuospatial attention test of the computer assisted cognitive program and the K-BNT, respectively, as outcome measurements. Each test was performed 3 times; before tDCS, immediately after tDCS and 2 weeks after tDCS (Fig. 1 ). Prior to the baseline test, all tests were performed on the subjects by way of showing an example to minimize learning ef- www.e-arm.org fects through familiarization. One researcher tested the screening test, working memory and naming function, and the other researcher applied tDCS to subjects as per stimulation group. Therefore, the researcher in charge of the outcome measurement testing was unaware which stimulation was applied to the subject.
Working memory Verbal working memory: The forward/backward digit span test was used to evaluate verbal working memory. The forward digit span test consists of orally presenting random number sequences (range 0-9) to the subject at a rate of approximately 1 per second. The subject must repeat the digits in the exact sequence in which they were presented. Following this, the examiner instructs the subject to repeat the orally presented digits backwards, as a backward digit span test. The examiner continues to add a digit every time the subject performs the task correctly. Scoring consists of the total number of digits the subject could correctly recall in the exact order they were presented or in reverse order. 26 Maximum points were 9 in the forward digit span test and 8 in backward digit span test. 26 Visuospatial working memory: The visuospatial function training, which is a subtask of the CogPack ® (Marker Software, Ladenburg, Germany), a computer assisted cognitive program, was performed. When this program begins, a maze with a length, breadth and a diagonal line appears on a computer screen and then an image of a ball comes in from the left side and goes out through a particular route, which appears for ten seconds. The subject should watch this process carefully and remember the route that the ball went through. The participant follows the route of the ball exactly as shown by using a computer mouse after the ball completely disappears from the screen. The concordance rate between the route of both the ball and a computer mouse was recorded by a percentage (%).
Naming test
We used parallel short forms of the Korean-Boston Naming Test for the naming function test. Parallel short forms of the Korean-Boston Naming Test (K-BNT) were developed to be able to conduct the test in a short period of time. A pre-existing original test with 60-items was divided into 4 sets with 15-items each to adjust the average level of the questions. The method of evaluation for test scores is as follows: four points are given for forward reaction without any hints, three points are given for forward reaction with meaningful hints, one point is given for forward reaction with a first syllable, half a point is given for forward reaction with a second syllable, and no points are given if there is no response. 60 (15×4) is the perfect score in each parallel test. 27, 28 Side effect of tDCS: All subjects should be asked to fill in a questionnaire about the side effect of tDCS. The questionnaire consisted of symptoms considered as side effects (headache; cervical pain; scalp pain; scalp numbness; scalp redness; drowsiness; feeling of difficult to concentration; sudden mood change etc.) and intensity of symptoms (no; mild; moderate; severe).
Statistical analysis: Analyses were performed with SPSS ® version 18.0 for Windows. We used the chi-square test and two-way analyses of variance (ANOVA) to compare baseline demographic characteristics, age and years of education among the four groups, respectively. All outcome measurements (stroop test; forward/backward digit span test; visuospatial attention test of computer assisted cognitive program and K-BNT) were performed before tDCS, immediately after and 2 weeks after tDCS were analyzed with the repeated measure ANOVA. In the repeated measure ANOVA, the inter-group differences were designated between the left anodal and left sham stimulation groups, and between the right anodal and right sham stimulation groups. The intra-group differences were designated as time points (before tDCS; immediately after tDCS and 2 weeks after tDCS). The post-hoc comparisons were carried out using the TukeyKramer test. The level of statistical significance for α was 0.05 and the 95% confidence intervals were provided.
RESULTS
Baseline characteristics
There were no significant differences among the 4 groups for age or years of education (p>0.05) ( Table 1) . Prior to the tDCS, there was no significant difference in all baseline tests; stroop test, forward/backward digit span test, visuospatial attention test of computer assisted cognitive program and K-BNT among the 4 groups (p>0.05) (Tables 2, 3 ).
Screening test
All of the 32 participants received a score of 30 in the K-MMSE, which was repeated to check for the change in www.e-arm.org the participant's cognition immediately after tDCS. No change in the K-MMSE was observed.
In the 'word' test, the second subsection of the stroop test, there was significant time and group interaction by the repeated measure ANOVA in the left anodal stimulation (F=3.67; p=0.03) ( Table 2) . Also, only the left anodal stimulation group showed statistically significant improvement compared with the baseline values as time passed (p<0.05). Moreover, in the 'interference' test, which was the third subsection of the stroop test, both the left and right anodal stimulation groups had significant time and group interaction in the repeated measure ANOVA (left: F=14.67; p=0.022, right: F=18.87; p=0.038 (Tables 2, 3 ). Also, the left and right anodal stimulation groups showed statistically significant improvement in comparison to the baseline values, as time passed (p<0.05).
When comparing results between 'immediately after' and '2 weeks after' tDCS of the stroop test by independent T-test, there was no significant improvement in both the left and right anodal stimulation groups (p>0.05).
Working memory
Verbal working memory: Before and after tDCS, all www.e-arm.org groups had no statistically significant differences in the forward digit span test. However, in the backward digit span test, only the left anodal stimulation group had significant improvement compared with baseline values by repeated measure ANOVA as time went by (F=6.38; p=0.042) ( Table 2 ). On the other hand, in the left sham stimulation group, there was a score improvement compared with before the stimulation but it was not significantly different (p>0.05) ( Table 2 ). In the right anodal and right sham stimulation comparison, there was no significant interaction between the time factor and groups by repeated measure ANOVA (p>0.05) ( Table 3) .
When comparing between 'immediately after' and '2 weeks after' tDCS of the backward digit span test by independent T-test, there was no significant improvement in both the left and right anodal stimulation groups (p>0.05).
Visuospatial working memory: As the tDCS schedule progressed, the results of the visuospatial attention test in the right anodal stimulation group demonstrated a (Table 3) . However, the left anodal stimulation group and left sham stimulation group did not display any statistical significance by repeated measure ANOVA (p>0.05) ( Table 2) .
When comparing between 'immediately after' and '2 weeks after' tDCS of the visuospatial attention test by independent T-test, there was no significant improvement in both the left and right anodal stimulation groups (p>0.05).
Naming
Both the right anodal stimulation group and right sham stimulation group did not have any interaction between the time factor and the groups by the repeated measure ANOVA in the K-BNT. However, the left anodal stimulation group showed significant improvement compared with the baseline values as time went by (F=4.16; p=0.047) ( Table 2) .
When comparing between 'immediately after' and '2 weeks after' tDCS of K-BNT by the independent T-test, there was no significant improvement in both the left and right anodal stimulation groups (p>0.05).
Side effect of tDCS
Each person in both the left anodal stimulation group and the right stimulation group had no other side effects except for temporary headaches and temporary redness of the skin. The symptom of a minor headache in one of the participants went away after 20 minutes. In addition, a symptom in regards to the scalp turning red where the electrode was attached went away after a few hours. There were no participants who experienced drowsiness, carelessness or sudden change of mood.
DISCUSSION
In this study, when anodal stimulation was applied over the left prefrontal cortex, there were significant improvements in the 'Word' and 'Interference' subtests of the stoop test, backward digit span test and K-BNT compared to the left sham stimulation group. Also, when anodal stimulation was applied over the right prefrontal cortex, significant improvements were exhibited in the 'Interference' subtest of the stroop test, a visuospatial attention test of the computer assisted cognitive program compared with the right sham stimulation group.
Distinctively, in our results, the right anodal stimulation group's visuospatial attention test value revealed significant improvement compared to the right sham stimulation group. The computer assisted cognitive program used in this study was CogPack ® , made in Germany, which is actively used for the treatment of cognitive dysfunction in schizophrenia. 29 The visuospatial attention training, which was a subsection in this program, required that a subject remember the route of a ball and immediately follow the route by using a mouse. This activity required both the visual working memory and visuospatial perception. According to earlier studies, the lateral prefrontal cortex of the right hemisphere is concerned with visual working memory, 30 and the right parietal cortex is most important to visuospatial perception. 31 We performed right tDCS over the prefrontal cortex as an anodal stimulation target. Therefore, it can be understood in the same context with the above findings, which is that the visuospatial attention test showed significant improvement in the right prefrontal cortex anodal stimulation group. That is to say, additional stimulation on the right parietal lobe as well as direct stimulation on the right prefrontal cortex could be possible, due to the difficulty of stimulating a small area of the cortex, precisely. It is suggestive that these complex effects can improve performance in the visuospatial attention test taken by the right anodal prefrontal cortex stimulation group. Previous studies have reported that when tDCS is applied over the left prefrontal cortex, working memory is improved. 13, 32 According to Boggio et al., 32 when 18 patients with idiopathic Parkinson's disease performed a three-back working memory task during active anodal tDCS (2 mA) of the left DLPFC for 20 minutes, the results demonstrated a significant improvement in working memory as indexed by task accuracy. The other conditions of stimulation: sham tDCS, anodal tDCS of LD-LPFC with 1 mA or anodal tDCS of the motor cortex did not result in a significant change in task performance. 32 Moreover, the study regarding normal healthy people was reported to have similar results with that of patients having Parkinson's disease. 13 In Fregni et al.'s study, 13 15 subjects (age 19-22 years) underwent a three-back working memory task based on letters. This task was performed during sham and anodal stimulation applied over the left dorsolateral prefrontal cortex for 10 minutes by 1mA. Fol-www.e-arm.org lowing that, only anodal stimulation of the left prefrontal cortex increased the accuracy of the task performance. 13 As these reports coincided with this study's result, it is assumed that anodal tDCS induced cortical excitation, which was associated with polarity-driven alterations of the resting membrane potentials induced by the application of Na+-channel-blocking carbamazepine and the N-methyl-D-aspartate-receptor antagonist dextromethorphan. 10 Also, the left anodal stimulation group showed significant improvement in the K-BNT. Contrary to our study, when researchers intend to improve language function, interventions like tDCS over Broca's or Wernicke's area is common. There are several conventional studies on the relationship between tDCS and language function. 33, 34 You et al. 33 demonstrated that right-handed subacute stroke patients with global aphasia due to ischemic infarct of the left middle cerebral artery were applied 2 mA tDCS, 5 times a week for 2 weeks, for 30 minutes per session. After the intervention, auditory verbal comprehension improved significantly more in patients treated with a cathodal tDCS applied to the right superior temporal gyrus, as compared to patients in the cathodal tDCS on the left superior temporal gyrus or sham stimulation groups. 33 And in Cattaneo's study of normal healthy subjects, ten healthy individuals performed a semantic and a phonemic fluency task following anodal tDCS applied over Broca's region. Participants were found to produce more words following real anodal tDCS in both phonemic and semantic fluency, compared with the sham stimulation group (p<0.05). 34 However, recently, it is assumed that the prefrontal cortex's role in language function has emerged important, especially in regards to the naming function. 35, 36 In Shapiro et al.'s study, 35 the researchers used event-related functional MRI to identify cortical regions that were active when English-speaking subjects produced nouns or verbs in the context of short phrases. Two regions, in the left prefrontal cortex and left superior parietal lobule, were selectively activated for verb trials compared with noun trials; one region in the left inferior temporal lobe was more active during noun production than verb production. Cotelli et al. 36 reported that when they applied high-frequency repetitive transcranial magnetic stimulation to the left and right dorsolateral prefrontal cortex of fifteen patients with probable Alzheimer disease during object and action naming, there was significant improvement of accuracy in action naming (p<0.05). Besides the effect of tDCS on Broca's and Wernicke's areas, which is already known through previous studies, this study revealed that the tDCS over the left prefrontal cortex affected improvement of the naming function in language ability as well. In this study, only transient headaches and redness of the scalp were reported as side effect of tDCS. tDCS over the frontal cortex is often applied for treatment of major depression and it can change moods. 37 Therefore, the effect of tDCS on mood needs to be evaluated, however, no subject complained of sudden mood changes in our study. In Boggio et al.'s study, 6 40 patients with major depression, medication-free, were randomized into three groups of treatment: anodal tDCS of the left dorsolateral prefrontal cortex; anodal tDCS of the occipital cortex and sham tDCS. tDCS was applied for 10 sessions during a 2-week period. The researchers found significantly larger reductions in depression scores (Hamilton Depression Rating Scale) after dorsolateral prefrontal cortex tDCS compared to occipital and sham tDCS (p<0.05). The beneficial effects of tDCS in the dorsolateral prefrontal cortex group persisted for 1 month after the end of treatment. 6 Unlike the major depression patient group, it is suggested that there were no systematic subjective or objective effects of bifrontal tDCS on mood or several measures of arousal and emotional cognition in healthy adults. 38 However, when the side effects of tDCS are investigated, the researchers should keep these findings in mind. At first, we included the stroop test in the outcome measurements because we wanted to evaluate general cognition before and after tDCS. However, improvements of performance in the stroop tests were shown after the left and right stimulation compared to the baseline test according to the results. The stroop test takes a familiarization process to exclude the learning effect like the other tests. Therefore, it is difficult to explain these results by only the learning effect, and it is required to investigate the meaning of this result. The stroop test is a representative tool for executive function tests in addition to the Wisconsin card sorting test, 39 and the dominant brain area for executive function is widely known as the frontal cortex. 40 It will be considered that anodal direct current has an effect on the whole frontal cortex over the prefrontal cortex such as the right parietal lobe according to these findings. In other words, it is expected that the www.e-arm.org stoop test is improved because tDCS has an effect on the frontal cortex. In the last study, there was no difference between anodal stimulation and sham stimulation in both the left and right prefrontal cortex on the forward digit span test. Nine numbers were regarded as the perfect score of the forward digit span test in this study, and this level is considerably low compared to normal healthy subjects. Therefore, most subjects received a perfect score, and there was no statistical difference because of this. It is assumed that the forward digit span test is more appropriate for the evaluation of general cognition for before and after tDCS than the evaluation of the working memory. Nevertheless, it will be desirable if researchers are able to discriminate the significance of results by giving a higher level than 9 numbers.
This study has several limitations. First of all, the small sample size. Despite the considerable number of 32 participants, each group had only 8 subjects for comparison between the left · right anodal stimulation and left · right sham stimulation, respectively. Second, we only performed follow up tests 2 weeks after tDCS. If we performed more follow up tests with different periods, we could have detected persistent durations of tDCS effects and the changing patterns of each test more accurately
CONCLUSION
When tDCS is applied to the prefrontal cortex of normal healthy subjects' for 20 minutes, the working memory and naming function improved, and the beneficial effects persisted for at least 2 weeks after stimulation had ceased. Moreover, the left and right anodal stimulation on the prefrontal cortex showed significant improvement in distinct tasks, which were consistent with the left and right proper dominant function. This finding suggests that more specific tDCS treatment, based on brain lesions and symptoms for stroke or other neurologic disorders, would be possible.
